Abstract-Hot-carrier (HC) effects on high-frequency and RF power characteristics of Si/SiGe HBTs are investigated in this paper. By using the two-tone load-pull measurement, we find that not only the cutoff frequency, but also the output power performances of Si/SiGe HBTs are suffered by the HC stress. In this work, S-parameters and intrinsic elements of an equivalent hybrid-model were used to validate the HC effects on high-frequency characteristics. With different bias conditions, the degradations of cutoff frequency, power gain, and linearity are found to be worse under constant base-current measurement than that under constant collector-current measurement. The HC-induced degradations on the current gain, transconductance, and ideality-factor of base and collector currents are analyzed to explain the experimental observations. Index Terms-Cut-off frequency, hot-carrier effect, linearity, power gain, power-added efficiency, SiGe HBT.
I. INTRODUCTION

W
ITH recent technology advancements that push cutoff frequency and maximum oscillation frequency over 200 GHz [1] , [2] , Si/SiGe heterojunction bipolar transistors (HBTs) have become viable candidates for most microwave applications. It is known that SiGe HBTs are suited ideally for large-volume manufacturing of RF transceiver systems at and beyond 2.4 GHz, at which the silicon homojunction technologies lack performance and where SiGe HBTs provide higher integration levels than III-V component technologies. Recently, SiGe HBTs have attracted much attention for RF power applications because of their excellent microwave power performance and thermal conductivity. By optimizing the device process, the microwave power applications of SiGe-based HBT under development have moved from L-, S-, and C-band operations to X-band operation [3] , [4] . Due to the high electric field at the base-emitter junction caused by the high doping levels of SiGe HBTs, the hot-carrier (HC) reliability has become a major concern for such advanced devices used in commercial products [5] . So it is worth investigating the Gummel plot of a typical SiGe transistor before and after stress. For power characterization, the collector current I and base current I are 52 mA and 0.34 mA, respectively, before stress. After stress, I changes to 0.7 mA under constant collector current measurement, while I changes to 24 mA for constant base current measurement.
effects of hot-carrier on the high-frequency and RF power performances of SiGe HBTs. However, the most literatures on HC effects deal mainly with the dc characteristics and/or the low-frequency noise behavior [6] - [8] , and seldom addressed the RF characteristics [9] , [10] . In this paper, we investigate hot-carrier effects on the degradations of high-frequency and RF power characteristics of SiGe HBTs with different bias conditions. In Section II, we address the experiments of this work. The hot-carrier effects on the dc and high-frequency performances of transistors are discussed in Section III. By analyzing the intrinsic elements of an equivalent hybrid-model, the high-frequency behavior can be described completely. In Section IV, we present the HC effects on the RF power and linearity characteristics of devices in detail. Finally, a conclusion is given in Section V. a reverse-biased base-emitter voltage of 3.5 V up to 1000 seconds at room temperature, and with the collector left open. The S-parameter measurements were performed by using an HP8510 network analyzer. The output power, power gain, and linearity were measured using the load-pull system, which consisted of HP85122A and ATN LP1 (power parameter extraction software), while the source and load impedances were tuned for maximum power gain and maximum output power, respectively. For the load-pull measurements, the operating frequency was chosen at 2.4GHz,afrequencycommonlyusedinwirelesscommunication.
III. HOT-CARRIER EFFECTS ON HIGH-FREQUENCY PERFORMANCE
The Gummel plot of a typical SiGe HBT measured before and after hot-carrier stress is shown in Fig. 1 . The main effect of HC stress on the dc characteristics is an increase of the nonideal base current and leaving the collector current unaffected, thus resulting in a degradation in the current gain of the transistor.
Hot-carrier degradation under emitter-base reverse-bias stress is one of the major reliability concerns in bipolar transistors. Reverse-biasing the emitter-base junction develops a very high electric field across the emitter-base junction, thus accelerating electrons and holes to very high velocities. These high-energy or "hot" carriers generate interface traps at the sidewall-spacer oxide and Si interface leading to an increase in the recombination component of the base current [11] .
Since the current gain is reduced after HC stress, the high frequency and power characteristics of the transistor should be affected as well. Due to the different responses of base and collector currents under stress as shown in Fig. 1 , the comparison of microwavepropertiesunderHCstresswillbetakenbyconstantbasecurrent and constant collector-current measurements. For power amplifier design, either base current or collector current may be kept to a constant value when biasing the bipolar transistor. Fig. 2 shows the HC stress effects on the S-parameters of a transistor with different bias measurements. The frequency range is from 0.1 to 20 GHz. The S-parameters are the most important parameters, which are widely used for discussing the properties of microwave transistors [12] . In Fig. 2(a) , we observe that S11 has a deviation under stress at low frequencies, it indicates the input impedance has been changed with HC stress. At 2.4 GHz, S11 has only a minor change as the collector current was kept constant, while S11 still has an obvious deviation as the base current was kept constant due to the reduction of the transconductance, which is resulted from the reduction of collector current. This phenomenon is different from that observation in [9] , which showed the S11 has no changes under stress regardless of whether the base or the collector current was kept constant. When applying a simple equivalent hybrid-model in our work, we can directly extract the intrinsic element values (see Table I ) from the HBT S-parameters after de-embedding the extrinsic parasitic. After HC stress, the dynamic base resistance referred to the SiGe HBT increases from 72 to 83 and reduces to 49 with the constant base-current and constant collector-current measurements respectively. The HC stress in base-emitter junction induces an increasing base current, and reduces the slope of the base current versus base-emitter voltage. Thus it increases the value of for constant base-current measurement. On the other hand, as to a constant collector-current measurement, the is reduced due to the increasing base-current. In addition, after HC stress, the base-emitter capacitance shows a slightly change with the constant collector-current measurement, but a large variation with the constant base-current measurement. This is resulted from the reduction of the base-emitter diffusion capacitance under a constant base-current measurement. The changes of the and under stress are consistent with the variation of S11.
SinceS22isafunctionofoutputbias,theS22ofatransistorwith constant base-current measurement shows a large deviation after stressduetothereduction ofcollectorcurrent,whilethatwithconstant collector-currentmeasurement is changed slightly,as shown in Fig. 2(b) . Furthermore, with a constant base-current measurement, the increased output resistance of the transistor can also validate this observation (see Table I ). In Fig. 2(c) , the S21, which represents the transformed gain of RF input signal, also exhibits a deviation after HC stress. Under a constant base-current measurement, the S21 deviation is larger than that under constant collector-current measurement due to the larger change of transconductance . To validate the HC effects on the cutoff frequency of the transistor, we calculated the small-signal current gain from the S-parameters. Fig. 3 shows the effects of HC stress on the versus frequency. When the transistor was measured at a fixed collector current of 52 mA, it can be seen that the magnitude of decreases after stress at low frequency regime, while remains essentially unchanged for GHz. The smallsignal current gain related to frequency in an equivalent hybrid-model can be expressed as [6] (1) At low frequency regime, approaches to the dc current gain , which will decrease under stress. The reduction of at low frequency is consistent with the degradation of the dc current gain. However, at high frequency regime, , and the magnitude of approaches to , so it shows unchanged after HC stress. On the other hand, for a constant base-current measurement as shown in Fig. 3(b) , derivation occurs after stress over the entire frequency range. This is due to the reduction of collector current after HC stress.
Finally, the HC effects on the cutoff frequency versus collector and base currents are shown in Fig. 4 . It is shown that when the is measured at constant collector currents, its values remain unchanged at low and medium currents, and only reduce slightly at high currents after stress (see Fig. 4(a) ). On the other hand, when the is measured at constant base currents, the stress-induced degradation of is significant at low and medium currents, as shown in Fig. 4(b) , due to the reduction of collector current as mentioned previously. In high current regime, where the Kirk effect might be occurred, because the device after stress has lower collector current at constant base-current measurement, it needs higher base current to enter the Kirk effect region. As a result, the measured after stress is higher than that before stress. Since the normal device operation usually would not be biased in high current region, we can conclude that the constant collector current is a better bias condition than the constant base current to reduce the HC effect on the high-frequency performance.
IV. HOT-CARRIER EFFECTS ON RF POWER BEHAVIOR
A. RF Power Characteristics
As well as the high-frequency characteristics, the microwave power characteristics are also affected by the HC stress. Fig. 5(a) shows the effects of HC stress on the output power and power gain of a transistor measured at a fixed collector current of 52 mA. The optimized matched source and load impedances are essentially unchanged after HC stress. After HC stress, the output power and power gain decrease slightly in the small input power regime, but show no noticeable change in the high power regime. For Class A operation, the linear power gain can be expressed as [13] ( 2) where is the emitter resistance, is the emitter lead inductance, is the base-collector capacitance, and is the operating frequency. From (2), we know the linear power gain is proportional to approximately. Therefore, the minor reduction of linear power gain after stress is due to the minor change of as shown in Fig. 3(a) . After gain compression, because the collector current is kept at a constant value, the output power and power gain even show no noticeable change under stress.
When the measurements were carried out by keeping a constant base current as shown in Fig. 5(b) , the output power and power gain show significant degradations after stress. It is due to the large deviation of after stress, as shown in Fig. 3(b) . It is worth noting that the optimized matched conditions have been changed after stress due to the change of the collector current. If we fixed the source and load impedances, the degradation of power performance after stress would be worse. Since the collector current is reduced after stress, it will limit the maximum magnitude of the output waveform to lower values, and thus the compression point will shift to lower output power. Hence the degradation in power gain and output power will be more pronounced in the high power regime. Although the power gain is reduced after stress, the power-added efficiency (PAE) changes only slightly (from 44% to 43%), due to the concomitant reduction of dc output power dissipation. Fig. 6 shows the linear power gain versus collector current and base current before and after stress. Comparing the measured results of Figs. 4 and 6, we know the and power gain have similar trend with HC stress for all bias conditions, hence the is indeed a dominant factor in (2) which affects the power gain under stress. As shown in Fig. 6(a) , a little deviation of power gain can be observed under stress when the measurements were carried out by keeping a constant collector current due to the minor change of cutoff frequency. Unlike the Fig. 6(a) , the effects of the HC stress on power gain will be more serious with the base driving currents, especially in the low and medium base current regimes. As shown in Fig. 6(b) , the power gain degrades dramatically after stress at low and medium currents, due to the degradation. In high base current regime, the power gain shows it just slightly increases under the HC stress. From Fig. 6 , it suggests that the power gain has higher immunity for hot-carrier effect when the power amplifier is biased at constant collector current.
B. RF Linearity
In practical, SiGe HBTs have a good linearity performance due to the almost complete cancellation between the output non- linear currents generated by the emitter-base and base-collector current sources [14] . To study the HC stress effects on the linearity of a microwave system, the two-tone load-pull measurement was also carried out [15] . As shown in Fig. 7 , the thirdorder intercept point, at which the output power and third-order intermodulation (IM3) are equal, is commonly used to characterize the linearity. For low distortion operation, the third-order intercept point should be as high as possible. While the before-stress value of input third-order intercept point (IIP3) is about 6.8 dBm, the after-stress IIP3 reduces to 3.33 dBm and 2.46 dBm for constant collector-current and constant basecurrent measurements, respectively.
The major nonlinear elements in a bipolar transistor are the collector current , base current , base-emitter charge , and base-collector charge [16] . Since the HC stress does not affect the base-collector junction, we only need to consider the distortion from the nonlinear exponential functions of collector current, base current, and base-emitter charge. Moreover, it is believed that in low current region, the distortion is dominated by the nonlinear contributions from transconductance [17] . As the current is increased, nonlinearities are decreased due to the increase of and the feedback effect of emitter and base resistances. When measured at the same collector current, the transconductance is changed slightly and it still has a high value before and after stress. Nevertheless, the ideality factor of base current has changed drastically from 1.005 to 1.52 after stress, while the ideality factor of collector current is still about 1. It indicates that partial IM3 cancellation, which has been attributed to the interaction of and , or and , has been reduced [16] . So the reduction of IIP3 after stress is mainly due to the reduced cancellation effect. As to the constant base-current measurement, not only increases to 1.67, but the related collector current also reduces to a lower value after HC stress. Consequently, the degradation of linearity measured at constant base current is much worse than that measured at constant collector current.
V. CONCLUSION
In this paper, we have investigated in detail the hot-carrier effects on the high-frequency and RF power characteristics of Si/SiGe HBTs. Due to the increase of nonideal base current after stress, the current gain will be decreased. Consequently, we find that the cutoff frequency, output power, power gain, and linearity are suffered by the HC stress. By comparing stress effects at various bias conditions, we observe that the performance degradation is much smaller under constant collector-current measurement, compared to constant base-current measurement. Because of the increased ideality factor of the base current and the reduced collector current after stress, the high-frequency and power characteristics show larger stress-induced degradations for constant base-current measurements. It therefore suggests that the Si/SiGe amplifier performance can be made more robust to HC effects by biasing the HBT at constant collector current. He joined National Nano Device Laboratories, Hsinchu, Taiwan, in 1997 as an Associate Researcher. His current research interests focus on microwave device design, characterization, and modeling.
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